Abstract -Small hive beetles (= SHB), Aethina tumida, are parasites and scavengers of honeybee colonies and actively disperse for host finding. We investigated the re-infestation levels of SHB-free colonies within ten infested apiaries in South Africa, Australia and the USA. Re-infestation of 95% of the colonies indicates a high SHB exchange between colonies. Colony position and queen status had no influence on colony infestation levels. Spread into apiaries was determined at twelve SHB-free apiaries. While apiaries in Maryland remained un-infested, those in Australia showed high infestation numbers. Apiary density, SHB population levels and ongoing SHB mass reproduction seem to govern SHB infestation of newly installed apiaries. Those located in forested habitats showed higher infestation levels possibly due to the presence of wild/feral colonies. The results elucidate factors influencing SHB dispersal and the role of human-mediated spread, enabling improved control of SHB.
INTRODUCTION
For pest control, knowledge of the dispersal activity of the respective species is crucial. However, the dispersal ability of novel pests, like the small hive beetle, Aethina tumida Murray (= SHB), is often unknown. This parasite and scavenger of honeybee, Apis mellifera L., colonies was introduced into different parts of the world including the United States and Australia (Neumann and Elzen, 2004) , where it is now well established (Spiewok et al., 2007) .
Many beetle species capable of flying show a considerable potential for disper- Radloff, 1998; , makes a colony a relatively short-lived habitat for SHB. Migration tendency is usually high in species living in such habitats (cf. Hanski, 1999) . Furthermore, Wenning (2001) stated that SHB are able to detect "stressed" colonies over a distance of 13-16 km. However, it is still unclear if SHB readily travel longer distances and switch between apiaries. If this is so, this could impact apiaries after successful treatment, including migratory ones. Thereby, high SHB population density, high apiary density and the occurrence of feral/wild colonies might each increase infestation levels of newly installed apiaries. Since all these parameters occur simultaneously in some Australian areas, we expect the highest infestation levels there.
Similar to other beetles (e.g. Carabus problematicus, Rijnsdorp, 1980) , dispersing SHB individuals might prefer shaded forest habitats providing shelter. Thereby, they also increase their chances for host finding due to naturally occurring nest sites of honeybees (e.g. in hollow trees; Hepburn and Radloff, 1998) . Indeed, wild/feral colonies can be infested with SHB (Benecke, 2003) and thus also act as SHB reservoirs. Therefore, newly installed apiaries in potentially more attractive habitats such as forests may suffer from higher SHB invasion pressure.
During dispersal, SHB might be attracted by colony odours and yeast-volatiles (Elzen et al., 1999; Suazo et al., 2003; Torto et al., 2005 Torto et al., , 2007 , but previous studies suggest that colony phenotype (colony size, amount of brood and stores) is unlikely to influence colony attractiveness (Ellis and Delaplane, 2006; Spiewok et al., 2007) . Nevertheless, SHB might aggregate in colonies with decreased defensive behaviour such as queenless ones (Delaplane and Harbo, 1987) . In this case, we expect fewer SHB in queenright colonies compared to queenless ones.
Like other beetles, SHB may also use optical cues like sharp contrasts or light conditions (Strom et al., 1999; Igeta et al., 2003; Nalepa et al., 2005) , resulting in constant higher infestation and re-infestation rates of colonies at certain positions in an apiary. If this is true, the relative distribution over the colonies should be similar at two consecutive surveys with colonies at attractive positions being repeatedly highly infested.
We investigated the infestation of colonies and apiaries in South Africa, Australia, Florida and Maryland, similar to the analysis of apiary re-infestation after treatment for the mite Varroa destructor Anderson & Trueman (Greatti et al., 1992) . These surveys simulated the reinfestation of treated single colonies or whole apiaries as well as newly installed migratory apiaries, by active SHB dispersal. The results of this study assist in drawing conclusions about a possible preference of dispersing SHB for certain colonies or apiaries and if those ones have to be especially considered for protection measures. Our data will elucidate factors influencing SHB dispersal and the role of human-mediated spread, enabling improved control of SHB.
MATERIALS AND METHODS

Visual colony inspections
The term 'SHB' refers in the following text always to adults. All visual inspections were conducted using routine protocols by investigating every single frame and hive box of a colony (Spiewok et al., 2007) . We will refer to our previous survey (Spiewok et al., 2007) as the 1st inspection and to the present one as the 2nd inspection. During the 1st inspection SHB were removed from all investigated colonies. Since not all colonies of the commercial apiaries were inspected, the cleaned colonies could get re-infested by SHB from neighbouring colonies. To ensure, that the SHB found during the 2nd inspection were not merely those missed during the 1st one, the number of possible missed SHB was estimated and compared to the 2nd inspection for each apiary using Wilcoxon-matched pairs tests. According to the experience from our previous study (Spiewok et al., 2007) we estimated that 8.4% of the SHB of one colony were missed during the inspection.
Dispersal within apiaries
Re-infestation levels of 71 colonies were assessed at ten infested commercial apiaries in South Africa, Australia, Maryland and Florida two weeks Dispersal of small hive beetles 685 after the 1st inspection. The re-infestation levels were determined considering the respective average apiary infestation levels, expecting a positive correlation between these levels. Therefore, the average infestation level was calculated for each apiary by using the infestation levels of the investigated colonies at the 1st and 2nd inspection. Then, a Spearman rank correlation was run between these average infestation levels at the 1st and the 2nd inspections.
Influence of colony position and queen status
To test for the influence of the position of a colony within an apiary on its infestation level, the relative SHB distributions over the colonies were compared between the 1st and 2nd inspection. For this purpose, the proportions of SHB found in the investigated colonies were calculated for each apiary for both inspections and then compared using χ 2 -goodness-of-fit tests (N = 8 apiaries). As a further test, a Spearman rank correlation was run between the colony infestation levels of the 1st and 2nd inspection for each apiary.
The possible influence of a colony's queen status on its infestation level was investigated in an Australian apiary. Ten randomly selected colonies were de-queened and open brood combs were replaced by honey-pollen combs to enhance laying worker development. Nine days later, emergency queen cells and SHB were removed from these colonies and ten queenright control colonies. A further 16 days later, all colonies were screened again for SHB. The infestation levels of the queenright and queenless colonies were compared for both inspections using Wilcoxon-matched-pairs tests.
Dispersal into apiaries
To investigate the immigration into apiaries, ten SHB-free experimental apiaries (5 to 6 colonies each) were installed in the vicinity of commercial apiaries (Fig. 1) . The experimental colonies were obtained from low infestation areas and were screened for SHB prior to their installation. In Maryland, four naturally non-infested apiaries were used as experimental apiaries. The exact locations of all apiaries within a 10 km radius were assessed via GPS. Additionally, two apiaries (E AU 5 and E AU 6; E = experimental apiary; AU = Australia) were installed in a remote area that is usually used by migratory beekeepers. During the survey, however, no other apiary was present within a 10 km radius of the experimental ones. Comparisons were made between the infestation levels of the experimental apiaries using Kruskal-Wallistests and Mann-Whitney-U tests as post hoc tests (adjusted α = 0.0025). To take into account possible differences in weather conditions between the regions during the survey periods, data were obtained from local weather services.
Dispersal in different habitat patches
To detect a possible influence of the apiary site on SHB infestation, the Australian experimental apiaries E AU 1 to E AU 4 were screened two more times after the 2nd inspection at two-day intervals (3rd and 4th inspection). E AU 1 was located in a clearing in a small forest, while E AU 2 was installed in a meadow. E AU 3 was situated at the edge of a forest and E AU 4 was inside a forest. The lgtransformed numbers of collected SHB were analysed for differences between the four apiaries using one-way ANOVA and Newman-Keuls tests.
RESULTS
All indicated values are medians [1st; 3rd quartile] due to non parametric distributions of the data sets or non-homogenous variances (Levene's test; α = 0.05) except the data in Section 3.4. Chosen statistics account for the non-parametric distributions and relatively low number of colonies investigated at some apiaries.
Dispersal within apiaries
After two weeks, two South African colonies at A SA 3 (11%) and one colony at A MD 1 in Maryland (8%) were not re-infested, while all colonies in Australia and Florida were re-infested with SHB. At all apiaries except A SA 3 (Wilcoxon-matched pairs tests: T = 3; P = 0.465), the SHB numbers found during the 2nd inspection were significantly higher than those that were possibly missed in the 1st inspection (T 1; P < 0.05). The average SHB numbers collected from the apiaries are shown in Table I . There was a significant positive correlation between the average apiary infestation levels of the 1st and the 2nd inspections (r s = 0.96; t 12 = 11.95; P < 0.001; Fig. 2 ).
Influence of colony position and queen status
At all commercial apiaries, the relative distribution of SHB over the colonies differed significantly between the two inspections (Tab. II). Accordingly, no correlations were found between the colony infestation levels of the 1st and 2nd inspection (Tab. II). A SA 3 was not included in the analyses due to the low total SHB number and the resulting low variance.
Furthermore, no significant differences were found between the infestation levels in queenright colonies (22 [13; 29] SHB/colony) and those undergoing emergency queen rearing (20 [11; 35]; T = 19.5; P = 0.722), as well as 16 days later between the queenright (17 [12; 24] ) and the hopelessly queenless colonies (18 [14; 29] ; T = 21; P = 0.508).
Dispersal into apiaries
After two weeks, SHB were found in all experimental apiaries in Australia and South Africa (Tab. I). SHB numbers were significantly higher than those of possibly missed SHB (T 1; P < 0.05) with the exception of E SA 2 (T = 8.5; P = 0.675). In sharp contrast, no SHB were found in any of the experimental apiaries in Maryland (E MD 1 -E MD 4), in spite of neighbouring infested commercial apiaries ( 3.5 km away). The Australian apiaries were significantly more highly infested than apiaries in South Africa or Maryland (Tab. I). The average temperature, the relative humidity and the number of rainy days during the survey periods are shown in Table III .
Dispersal at different habitat patches
E AU 2 located in a meadow was less heavily infested than the other three Australian experimental apiaries located in or next to a forest, at all three inspections (Tab. IV). In fact, no SHB were found at E AU 2 at the 3rd and 4th inspection.
DISCUSSION
Colonies were re-infested by SHB in every commercial apiary, but SHB did not disperse into all experimental ones. While the experimental apiaries in Maryland remained un-infested, those in South Africa and Australia became re-infested. In or next to forested areas, experimental apiaries showed higher re-infestation levels suggesting that the apiary site can influence SHB dispersal. Neither colony position nor queen status influenced SHB colony infestation levels, suggesting that they are less relevant for SHB dispersal.
The re-infestation of 95% of all commercial colonies indicates that SHB readily disperse within apiaries. Even in the low infested Maryland region (Spiewok et al., 2007) , 92% were re-infested within two weeks. SHB from outside the apiaries might also have contributed to these numbers, but since no SHB influx into the experimental apiaries in Maryland could be detected (see below), the majority or all of the collected SHB most likely originated from within the respective apiary. However, in Florida, a considerable proportion of SHB may have additionally flown in from an adjacent honey house causing the high reinfestation level (Spiewok et al., 2007) .
Although it is known from other beetles that populations with a higher density are more sedentary (den Boer, 1971; Davis, 1986) , there was a positive correlation between the average apiary infestation levels and the re-infestation levels, suggesting that SHB also leave established aggregations. SHB might switch between colonies even by walking since SHB, which did not seem to be recently hatched from the ground, were also found in the litter underneath and around colonies. Therefore, the common practice of installing hives on palettes might facilitate SHB exchange between neighbouring colonies.
Since at every apiary the relative SHB distribution over the same colonies differed significantly between the 1st and 2nd inspection, colony position alone seems to be (Delaplane and Harbo, 1987) , queenloss did not induce higher SHB infestation levels. Thus, the underlying reasons for SHB aggregations in single colonies still remain unclear, because other factors such as colony phenotype (Spiewok et al., 2007) , hive entrance size (Ellis et al., 2003a) or sun exposure (Ellis and Delaplane, 2006) have no significant influence on SHB infestation level either. A simple explanation for massive aggregations might be the invasion of a migrating SHB swarm into a colony (Tribe, 2000) . Furthermore, SHB might be attracted by volatiles released by associated yeast (Kodamaea ohmeri; Torto et al., 2007) that could be active only in some colonies.
Infestation of experimental apiaries was detected in Africa and Australia but not in Maryland. We want to point out that those in Maryland were already present for more than three months without any sign of infestation despite the presence of infested apiaries in close vicinity, indicating low SHB dispersal activity over long distances under these conditions. Climatic and seasonal factors certainly have an impact on insect dispersal (Johnson, 1969) and may also trigger SHB dispersal (e.g. more infestations during the rainy season in Africa, Mutsaers, 1991) . However, we consider them less relevant for the observed differences in the infestation of experimental apiaries between Maryland and the other regions, due to only minor differences in weather conditions (Tab. III). The more frequent rainy days in South Africa and Australia might have triggered SHB dispersal (Lundie, 1940; Mutsaers, 1991; Elzen et al., 2000) , but it did not rain in Australia between the 2nd and 4th inspection and many SHB still infested the colonies. Repeated inspections during different weather conditions are required to determine the potential influence of ambient temperature and/or rain on SHB dispersal. Climatic conditions could also affect SHB dispersal by influencing population size.
Since the distances between infested commercial and non-infested experimental apiaries were similar in the respective regions (∼3 km), we suggest that the differences in SHB dispersal is caused by other local factors such as SHB population numbers, SHB mass reproduction or host density (apiaries and wild/feral colonies, Tab. III).
As SHB are primarily associated with honeybees, SHB dispersal is most likely to be connected to host colony availability. According to the concept of metapopulation dynamics in epidemiology (Lawton et al., 1994; Grenfell and Harwood, 1997) , every honeybee colony or apiary represents a habitat patch for SHB. Therefore SHB metapopulation dynamics are likely to be influenced by host population density. At lower apiary density, e.g. in Maryland and South Africa, SHB immigration might be less likely since more isolated habitat patches show a low colonization rate when individual movement ranges are limited (Hanski, 1999) .
Apart from commercial apiaries, SHB also infest feral/wild colonies (Benecke, 2003) , which may serve as connecting points between apiaries and as a reservoir for SHB, thereby fostering infestation of newly installed apiaries. While the density of feral/wild colonies is high in Australia and South Africa (Oldroyd et al., 1997; Hepburn and Radloff, 1998; Benecke, 2003; Moritz et al., 2007) it seems to be low in the USA (Ratnieks et al., 1991; Krause and Page, 1995) . However, the density of feral colonies might change in the South-western USA with the establishment of African honeybee populations, thereby positively affecting SHB population build-up and dispersal.
Apiary infestation levels seem to be influenced by the respective habitat. Since honeybee hosts are often cavity nesting in trees (Hepburn and Radloff, 1998) , dispersing SHB might prefer to head towards more suitable habitats (e.g. forests), where the chances of finding a host are higher. Indeed, in contrast to the apiaries in forested areas, only few or no immigrating SHB could be detected in M AU 2, which was located in a meadow lacking shade and nesting cavities. Lundie (1940) suggested that abundant alternative food sources are one reason for different apiary infestation levels but it seems that SHB do not use fruits and flowers in the presence of bees (Buchholz et al., 2008) .
SHB mass reproduction in surrounding areas might result in higher infestation levels because host colonies are usually destroyed and both parental SHB and adult offspring have to search for a new host. Alternatively, in the absence of any honeybee colonies they could use alternative habitats, exploiting fruits (Eischen et al., 1999) or nests of other social bees (Mutsaers, 2006; and await the arrival of new colonies. Thus, the high immigration numbers in Australia, especially in the remote areas, might be explained by SHB originating from decayed feral colonies.
In conclusion, there is no evidence that high SHB infestation levels are induced by colony characteristics as colony size, amount of stores and brood, queen state or colony position. Consequently, they cannot be prevented by manipulating these factors. SHB dispersal appears to be influenced by local factors, but the data from Maryland suggest that long distance dispersal may be more restricted than previously thought. This is in line with genetic studies, suggesting low SHB exchange between U.S. apiaries (Evans et al., 2003) . Therefore, the main mode of SHB spread over longer distances seems to be human-mediated jump dispersal, e.g. via migratory beekeeping or bee packages (Hood, 2000; Caron et al., 2001) , as it is the case of many invasive species (Suarez et al., 2001) . As a consequence, the control of SHB dispersal should focus on humanmediated spread.
Control should take into account SHB dispersal within apiaries. We therefore suggest the simultaneous treatment of all colonies at an apiary. Otherwise, treated colonies could easily become re-infested from untreated neighbouring ones, as in case of V. destructor (Ritter, 1988) . This is especially important for highly infested apiaries because the reinfestation level increases with the average apiary infestation level.
